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FOR DYNAMIC CONVERTERS
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Thompson Ramo Wooldridge, Inc. Electromechanical Division
Cleveland, Ohio
This paper reviews the technology for design of radiators associated with dynamic
converters in which the working fluid is condensed directly in the tubes of the radiator.
In the first part of the paper the general design procedure and its optimization
are discussed. Various constraints, namely, (1) condensing fluid mechanics; (2)
radiation heat, transfer from fins and tubes; and, (3) meteorite protection; are
integrated through use of information flow charts indicating the sequence of computa-
tions. The appropriate equations and their source are noted. A methodfor estimating
the optimum condensing temperature is explained and developed. The application of
Lagrangian multipliers in the optimization of design is discussed.
The second part of the paper describes the fluid mechanics of the condensing pro-
cess. Single-phase boundary layer stability techniques are applied to two-p hase flow
mechanics for purposes of predicting the transition offlow regimes. Experimental
data which correlate wetting and nonwetting characteristics in the forced convection
condensation qf mercury are presented. Critical mercury drop size measurements at
incipient entrainment are described and the conditions for "fog flow" of entrained
liquid are defined.
In conclusion, a review ofproblem areas of interest to designers of condensers for
space power systems is presented. This review includes gravity effects such as: (1)
runback (slugging) instability in vertical tubes; (2) horizontal tube gravity effects,
and (3) the Rayleigh- Taylor instability.
Cc rapport pre'sente l'e'tude des radiateurs pour convertisseurs dynamiques dam'
lesquels In condensation du fluide moteur s'effectue directemeht dons les tubes
A radiateur.
La premiere partie de ce rapport présente l'étude génerale des radiateurs ainsi
que leur optimisation. Les diffifrentes sujétions relatives 4: 1) l'évolution des
fluides en cours de condensation, 2) le rayonnement des ailettes et des tubes et 3) In
protection contre les meteorites, sent intégrées clans ces calculs sousforme de diagram-
mes précisant lafagon d'en tenir compte. Les equations correspondantes ainsi que
leurs references sent indiquées. Une méthode de determination de In temperature
optimale de condensation est décrite et analysée. La possibilité d'emploi des multi-
plicateurs de Lagrange pour la determination des conditions optimales est discutée.
La seconde partie comporte la description du processus de condensation du point
de vue de In mécanique des fluides. On utilise les critàres de stabilité des couches
limites 4 une phase pour les écoulements 4 deux phases et predire In transition
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des divers regimes d 'dcoulement. Des résultats expérienentaux la correlation,
entre les caractéristiques de transj'ert do clialeur pour des icoulements de mercure
mouillant or ne mouillant pas In paroi sont prCsentés. Los mesures des dimensions
critiques des gouttelettes de mercure, ejjectuées Iors de I'amorçage de I'entrainement,
sont dCcrites ct/es conditions "d'écoulement a brouillard" sont dejinies.
INTRODUCTION
The design of a radiator for a space power plant requires the integration
of data from many relatively new technical disciplines; such as, radiation
heat transfer from fins, meteor penetration and its armor protection, forced
convection condensation of liquid metals (for direct condensers of Rankine
power plants), radiation characteristics of coatings and fabrication. This
paper does not cover all aspects of design of radiators; its scope is restricted
to procedures for a weight minimization wherein the effects of heat transfer,
meteor protection, and principles of condensing fluid mechanics are con-
sidered. These are the more significant determinants and are adapted
more suitably to mathematical expressions and procedures. In general,
reliability considcrations take precedence over those for weight; however,
it will be assumed that reliability criteria can he satisfied at conditions de-
fining minimum power plant weight. This assumption is not always true
as experienced in the Sunflower* radiator-condenser in which deviations
from a minimum weight design were required to insure stability during the
condensing processes.
Novel schemes for meteor protection and redundancy will not be covered
since these are currently speculative and are covered in literature. The
technology covering fin radiation design, meteor hazard and impact damage
has been and is being developed by the National Aeronautics and Space
Administration (Refs. 1 and 2) (NASA). Therefore, this information is
not included in detail except where necessary to indicate its effect in the
integration process. Conversely, the forced convection condensing process
is not well covered in the literature and since Thompson Ramo Wooldrige
(TRW) has intensively investigated this area, both experimentally and
analytically, it is believed that the uniqueness of this work warrants a more
detailed treatment.
Summarizing, this report covers (1) the general design of direct radiator-
condenser and (2) the two-phase fluid mechanics of the condensing process
and its application to design. These are discussed in the following manner.
In the first part of the paper the general design procedure and its optimization
are discussed. The second part of the paper describes the fluid mechanics
of the condensing process and this is presented in more detail for two reasons:
its uniqueness and its insufficient coverage in current literature. In conclu-
sion, a review of problem areas of interest to designers of radiator-condensers
for space power systems is presented. The authors conclude that the current
* A Solar Rankine Power System developed by Thompson Ramo Wooldridge, Inc.,
Cleveland, Ohio.
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state of the art is satisfactory to permit design of radiator-condenser in a
generalized gravitational field.
GENERAL DESIGN PROCEDURE
Optimization of a design is a goal of engineers; however, optimization is
obtained after all factors and design criteria are considered in the formulation
of design judgments. Thus, criteria for design of a radiator-condenser is
minimum total power plant weight; and not, merely minimization of the
radiator-condenser weight. Conditions for minimum radiator weight may
not differ significantly from those for minimum weight of power plant,
since the radiator-condenser often is the heaviest component in a space
power plant, especially true when the weight for meteor protection is in-
cluded as part of its weight. Meteor protection can increase the weight of
the radiator-condenser as much as four times the weight of an unprotected
one. This added weight can be substantially reduced by using tubes and
fins in the design; this reduces the area which is vulnerable to puncture by
meteors or meteoric debris.
Another prime factor affecting the system weight is the efficiency of the
cycle; this determines the amount of heat that must be transferred in the
boiler and in the radiator-condenser. The power output of the prime mover
is a specified criteria for design, and the peak cycle temperature is limited
by the state of the art for materials chosen for turbine and boiler. In the
case of a Rankine cycle the only significant thermodynamic parameter
affecting cycle efficiency that can be readily adjusted for consideration of
optimization is the condensing temperature. Quantities which can be
considered invariants during the optimization process are: (1) mission
parameters; such as, duration of mission, probability of no puncture,
effective sink temperature for heat rejection, and, (2) those determined by
state-of-the-art considerations; such as, construction materials, armor
material for protection from meteors, and emissivity coatings.
Assumptions made to simplify the optimization procedure are:
1. Condensing temperature is equal to that for the outer surface of the
tube.
2. Temperature gradients along the length of tubes can be neglected.
3. Radiant heat exchange between fin and tube is insignificant.
4. Turbine efficiency is constant.
5. Weight of power plant components other than that for radiator-
condenser are a function of the cycle efficiency which for this case is deter-
mined by the condensing temperature, a variable.
The last assumption, 5, is logical for the reason that a reduction in efficiency
requires not only an increase in heat addition and rejection but also an
increase in the flow rate of the working fluid, thus an increase in weight.
By means of these simplifying assumptions the optimum number and size
of tubes, thickness and length of fin, and condensing temperature can be
determined for the radiator based on concept for minimum weight for entire
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system. Any adjustments in design resulting from these simplifying assump-
tions can be made to the design without deviating seriously from the con-
ditions determined for minimum weight. The system weight equations used
in the design process and expressed in terms of their respective variables are:
W(Tc) = 0
W7(T) = 0
= constant
L, N, ç 1, t) = 0
= 0
W8_0 ( W. 1 ) = 0
The total system weight expressed in terms of its variables is:
W(D, I.., N, , t,, I, Ta = 0	 (1)
This is the equation to be optimized in the design phase. One of the impor-
tant contributors to the weight of the system is the reactor; its weight is
dependent on the cycle efficiency which in turn is affected by the condensing
temperature. An increase in the latter temperature adds to the magnitude
of heat generation, thus reducing the efficiency. In addition, the dimensions
of the reactor core and its shielding are increased to accommodate the greater
rate of core heat transfer and the resulting increase in neutron and gamma
radiation.
In optimizing equation (1) various expressions for constraint which con-
sider the effect of condensing fluid mechanics, heat transfer, and meteor
protection are introduced. The chart, Fig. 1, depicts the computational
sequences required to minimize the system weight. Region I of this chart
lists the condensing fluid mechanics which will be described in more detail
in another section of this paper. Box No. I covering two-phase flow cor-
relation, indicates the quantity which is the Lockhart-Martinelli para-
meter (Ref. 3) and is a measure of the liquid phase contribution to the fric-
tional pressure drop during the condensing process. One of the primary
objectives of research work in two-phase flow is to evaluate the quantity
4V Test data and analyses presented later in this paper cover this aspect.
The derivation of equation for the condensing pressure drop, shown in
Box No. 2, is given in Appendix I. Note that the condensing pressure
drop is an input term determined by the condenser pressure level which is
a function of the condensing temperature, T, and the allowable net positive
suction head (NPSFI) of the condensate pump. In zero gravity environments
the NPSH is developed by subcooling and essentially is equal to the static
pressure at the condenser-subcooler interface less the vapor pressure of the
liquid at the pump inlet. This requirement for pumping determines maximum
allowable pressure drop which in turn minimizes piping and its weight.
The seven variables of equation (I) and the imposed constraints permit
three degrees of freedom, which are, number of tubes, N, tube diameter,
D, and condensing temperature, T. These can be varied independently for
the determination of minimum weight. These independent variables are
designated by circles in Fig. 1. The ouput of fluid mechanics, Region I
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of Fig. 1, is the tube length, 4,, which becomes the input to Regions II
and III respectively, heat transfer and meteor protection.
The piping radiation heat transfer of Region II is determined by consider-
ing the effect of N, D, T, and 4,. The total heat rejection is known from
the values of T0, which in turn determines the cycle efficiency; therefore
the balance, total heat rejection minus piping radiation, is the radiant heat
rejection from the fins. By means of reported technology of NASA (Ref. 2)
the minimum fin weight for a given value of tube length, 4,, is determined.
GENERALIZED LENGTH PARAMETER
C, UNITS OF LENGTH
Fig. 2. Volume function vs fin generalized length (Ref. 2).
The solution of equation shown in Box No. 5 of Fig. I gives a minimum value
for the fin volume, if for a fixed ratio of fin heat rejection per unit length,
Q1/L, when the minimum value of the volume function,fL(L'), is substituted.
See Box No. 3. This minimum value is obtained from Fig. 2, which indicates
the locus of minimum values as a function of the equivalent sink temperature
ratio which is defined by Lieblein in Appendix 1 of (Ref. 2). In addition,
Fig. 2 gives a value for the generalized fin length parameter L' corresponding
to the minimum value of the volume function, Jj(L'). This is an additional
equation of constraint which can be used in the optimization procedure.
Box No. 6, Fig. I, contains the generalized length parameter. The output
of Region II, Fig. 1 is the fin thickness, t, and fin length, Region III,
meteor protection, gives the required armor thickness of the piping, t,,.
The equation in Box No. 4 is obtained from Loeffler et al. (Ref. I). The
quantities in this equation are of interest to the designer and are the ones
which he can manipulate these are: (I) mission time (2) probability of no
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critical damage (3) tube diameter, length, and number (4) Young's modulus
of elasticity and density of armor material. The quantities included in the
constant, C0 are those over which the designer has no control, such as (1)
meteoroid velocity, (2) meteroid flux distribution, (3) oblique damage factor,
and (4) thin plate spall adjustment. Since NASA continuously monitors
collected data on meteors and meteorite penetration, it is recommended
that NASA's values for this constant be used as a standard for design and a
standard for comparison of radiator systems. A tentative value of 331 is
ANNULAR FILM-TO- 	 SPRAY-ANNULAR REGIME
ANNULAR FILM	 •SPRAY-ANNULARREGION OF EQUILIBRIUM
REGIME	 TRANSITION REGIME I LIQUID FILM
I	 REGION OFAMPLIFIED I
VAPORI DISTURBANCES
FLOW	 I
I	 C<O	 Cr0	 C1>O
Bt	
8 equal mean firm thickness
INITIAL WAVE	 WAVE AMPLITUDE
AMPLITUDE AT	 AT TRANSITION
NEUTRAL STABILITY
Fig. 3. Condensing film with interfacial disturbances.
suggested for this constant. Means for the determination of this constant
is reported by Loefiler et at. (Ref. I).
The radiator condenser weight WC-le is determined from the quantities
of D, L, N, ç, t, 6 which have been determined by means of Regions I,
II, and III, Fig. 1. Next, the manifolding and subcooler weight can be
estimated by selecting a suitable proportion ratio of See Region IV,
Fig. I. The reactor and boiler weight can be determined from a value of 7',
compatible with desired cycle efficiency and the relationship between
their weights at a given value of T. This procedure is based on an estimate
for initial reference design for these components. See Region V, Fig. I.
The process of independently selecting values of N, D, T0 is iterated,
preferably on a computer, until results define minimum system weight.
This procedure can be simplified by estimating a reasonable value for T
at or near optimum conditions. Such a value for T0 is obtained by solving
equation (2): (the derivation of equation (2) is developed in Appendix 2).
•	 T/ l — TJTH
T - 1 + Td T11 + ± + 
n 7) (2)
In order to solve equation (2) an estimate of the ratio of boiler weight to
total weight, a, of the reactor weight to total weight, c, and of n, an expo-
nent defined in equation (6-B), Appendix 2, is required as well as an estimate
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of the turbine efficiency, . These quantities can be estimated from previous
designs or from the recorded experience of the designer; in rare instances,
data which is of value in estimating these quantities has been recorded in
literature. Equation (2) gives:
TjT11 =* when &o_O,G( 1 O and )v1
which relationship is the rule currently in use by some designers. This
assumes that all of the system weight is in the radiator-condenser and the
efficiency of the turbine is ideal.
A formalized procedure for maximizing a function of several variables
can be applied. Such a method is that known as Lagrange's method of
undetermined multipliers. This method results in one unique set of
values of D, L, N, 1,,, ty, if, T for a minimum value of W. However, it
should be noted that considerable analytical preparation is required prior
to the use of the computer for determination of this relationship. Whereas,
the method of arbitrarily manipulating the independent variables may require
laborious searching through computer results for minimum weight conditions,
unless of course this latter operation is performed by the computer, Lagrange's
method of undetermined multipliers is formulated below in a general way
for application to radiator-condenser design.
The function to be minimized is equation (I), namely,
W(D, L, N, t,,, t,, if, T) = 0	 (1) (repeat)
If W is to be a minimum the following relationship must exist:
SW	 SW SW	 SW 6W ddW= 0=dD+	 ç
aw
+-dT0	(3)
The seven variables in equation (I) are not all independent but are inter-
related through the various equations for constraint which can be expressed
as:
ip1(D, L, N, t,,, i , if, T0) = 0
(4)
'PM('3, L, N, ç, i, f, T0 ) = 0
Not all variables need appear in each of the M equations of constraint but
all are shown to clarify the procedure. The M equations represent the various
relations shown in Fig. I for pressure drop, heat transfer, meteor protection,
etc. It is noted that if Mis equal to the number of variables, which is seven
according to equation (1), then no freedom for minimizing W exists. M
must be less than seven if an extreme exists. Lagrange's method consists
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of multiplying the variations of 1 . . . tpy by arbitrary functions 2. . Am
(Lagrangian multipliers) and setting them equal to zero as follows:
2 d = C = 2 (ai dD +
	
dL, +
	
dN +
	
dç, +
	
dt,
aN	 al"
•	
,
alf
•	 + 
a01
u dof aTdTc
(a0 2, --dD 
+dL+MdN+_Mdi,
+ aVm dif + frM dt±	 dT)
elf
Adding equations (5) and (3) and collecting terms gives:
av)law	
. .
'aDaD
law
+-+a'+..
Ow++)N±.
	
law	 a
+2M at /
	
2'	 T11-1 	 P1
law	 ,
.+ +1ntw)dtf
law
law	 a,
+AM	 ) dT (6).W
Remembering that the value of some derivatives are zero, not all variables
will appear in each of the M equations of constraint. The requirement that
the multipliers, 2, have values such that each parenthetic expression in
turn is equal to zero is applied according to this formalized method. There-
fore:
a 	 a, +
M0
aD
aw	 a,
r+h1r ...	 0
aw	 a
aw 2,?1+
	 + (7)
P
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SW	 e,	
A 
SIPM
•+
SW	 e,
C9 W
	
	
-	 (7) conta'.+2j+
These equations will contain the seven variables of equation (I) plus M
unknown values of multiplier A. The total number of unknowns is then
7 + M. The seven equations of equation (7) plus the original equations
of constraint numbering Al equations give 7 + M equations. These can
be solved for the 7 + M unknown quantities, namely,
D,L0,N,t,tf,é',	
.
from which a single solution for a minimum system weight W is obtained.
This procedure outlines the design process for satisfying the criteria of
minimum weight. The intelligent interpretation of its results is made
through the understanding of the relative importance of each contributing
technology. One of the latter is not adequately developed in available
literature and for that reason is discussed next in addition to the fact that
this technology is currently being extended at TRW.
CONDENSING FLUID MECHANICS
The solution of the equation in Box No. 2 of Fig. I, derived in Appendix 1,
gives the pressure difference in the condenser tube. In general, it is desirable
to design for the maximum pressure difference determined by the condenser
pressure and the NPSH requirement for proper pump operation. This
minimizes the tubing area exposed to meteors, thus resulting in a need for
less armor protection. From the viewpoint of a designer it is desirable to
accurately evaluate the quantity (J,2 so that fi can be determined from equa-
tion (5-A). Therefore, this section on condensing fluid mechanics is oriented
toward the determination of ID 2, defined as:
dPTP(friction) (8)4)v2	 dP(friction)
which is a measure of the influence of the liquid phase on the loss in pressure
due to friction. With no liquid present (DV2 equals one.
For a single phase fluid, two flow patterns or regimes may exist: namely,
(1) laminar and (2) turbulent. A rational means of predicting the particular
regime is imperative since values of heat transfer rates and friction factors
are dependent on the resulting flow mechanisms. A similar situation exists
for two-phase flow except that more flow patterns may exist, which patterns
must be predictable if the quantity cI)D2 is to be determined. For purpose
of design two determinations are required for application of forced convection
condensation fluid mechanics: (I) determination of two-phase flow regime,
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and (2) as related to the flow pattern, the determination of the mechanisms
for dissipation and for heat transfer. The condensing heat transfer coefficient
is of little concern in design of a direct radiator-condenser since radiation
controls. The first step, flow regime prediction, is discussed below.
FLOW REGIME PREDICTION IN TWO-PHASE FLOW
Empirical two-phase flow regime maps are available in the literature.
These maps are defined by the choice of the particular experimental appara-
tus and the physical properties of the fluids used in their determination.
In order to reduce the amount of empiricism in the prediction of flow regime,
a rational approach is the generalization of the stability techniques developed
for single phase flows by Reynolds, Lord Rayleigh, Prandtl, Dryden,
Schlichting, Tollmien, and Lin. This approach, described in Ref. 4 but by
Ostrach and Koestel, of the condensing flow technology is presented herein.
A convenient start is to consider disturbances at the liquid-vapor interface
of the condensing film at the initiation of the condensing process. See Fig. 3.
These disturbances may originate, for example, at the pipe inlet, or they may
be induced by wall roughness and irregularities in the flow external to the
film. The procedure is to trace the history of these disturbances by deter-
mining whether or not they increase or diminish with time. The identical
situation exists for the boundary layer of a single-phase fluid. In fact, one
can generalize and state that boundary layers are films for which the density
and viscosity ratio of the inner fluid to the outer fluid is unity, and that films
are more representative of the general case than boundary layers. The
magnitude of their property ratios are important in stability mechanics.
One important difference between a boundary layer and a film is the
existence of interfacial energy or surface tension which is a factor in its
stability. Gravity is another effect which can introduce differences between
the two. In general, the growth rates of disturbances are dependent on
property ratios, density and viscosity and the film-flow parameters, Reynolds,
Weber, and Froude numbers.
Referring to Fig. 3, unamplified disturbance may exist up to a critical
point at which the growth rate is zero, the condition for neutral stability.
Beyond this point, as one proceeds downstream, the disturbances may be
amplified until transformation into film breakup or spray results, or, as in
the case of a boundary layer, turbulence is induced. The point of liquid
entrainment or the point of turbulence is referred to as the transition point
to anew flow pattern. The distance between the position of neutral stability
and transition position depends on the growth rate.
It is assumed that disturbances at all wave lengths exist and that the
particular disturbance having the maximum growth rate dominates the
interface and induces the transition. Furthermore, since disturbance may
originate at a multiplicity of locations it is reasonable only to consider those
formed at the tube inlet as these have the most time to act. There are essentially
four different types of hydrodynamic instabilities which may cause an inter-
face to become wavy, thereby leading to changes in flow and film breakup,
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viz: (1) Tollmien—Schlichting instability, (2) Kelvin—Helmholtz instability,
(3) Rayleigh—Taylor instability, and (4) Bénard instability. The Tolimien-
Schlichting instability is a result of amplification of infinitesimal disturbances
in the fluid resulting from its viscosity. These disturbances originate either
inside the film due to wall roughness or outside the film in the vapor or gas
as has been demonstrated by changing the turbulence level of the flow
external to the boundary layer or to the film. This type of instability is
well documented by Lin (Ref. 5) and Schlichting (Ref. 6) for boundary
layers in single-phase fluids. The forces involved are those due to inertia
and viscous shear. This type of stability analyses was recently extended to
include films in two-phase flow by Miles (Ref. 8) and Feldman (Ref. 7).
The Kelvin—Helmholtz instability is the second type which influences
two-phase flow. This instability results from the relative motion between
the two phases at their interface. In this case, the forces involved are those
due to inertia and surface tension. This type of-instability is discussed by
Squire (Ref. 9), York (Ref. 10), and Weber (Ref. II), and they represent the
growth rate applicable for transition prediction. The atomization of liquid
sheets or cylindrical jets which are ejected at high speed from nozzles is an
example of this instability.
The Rayleigh—Taylor instability arises from the acceleration of the inter-
face between two fluids of different density. Body forces and surface tension
are the agents of instability. At locations near the back end of a condenser
tube or at the front end of boiler tubes where the liquid layers meet and the
flow velocity is very small, the Rayleigh—Taylor instability is especially
important in maintaining a stable demarcation between the subcooling
and the condensing zones. Work on this type of instability as well as studies
of water-air and mercury-air interfaces are reported by Koestel and Rein-
mann (Ref. 12). This stability is discussed in the section entitled Problem
Areas in Condensing Fluid Mechanics.
The Bénard instability results from a density stratification caused by
temperature or concentration gradients. This instability has a minor role
in forced convection condensation and for that reason is not covered.
Further information about this instability is reported by Ostrach and
Koestel (Ref. 4).
The basic quantity needed to apply hydrodynamic stability theory to
two-phase flow is the disturbance growth rate. oC1 is the parameter related
to wave growth, namely:
dB
'C'dO 
= 71	 (9)
where:
27r
2,TO
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and C' is the imaginary part of the complex wave propagation velocity,
C' = CR' + IC1' and C1/ is the real part. Sometimes it is more convenient
to use the dimensionless forms C C'/u2, C]? Cj//u2 and C'1 = C//u2
referenced to the interface velocity of the film. Equation (9) is formulated
by Ostrach and Koestel (Ref. 4). When C > 0 instabilities result, C1 = 0
defines neutral stability, and C < 0 damping occurs. In Ref. 4 equation (9)
is also derived in terms of distance parallel to the interface by eliminating the
time differential, do. This results in,
dB	 cC1 dL (10)
B(C+ 1)6
Equation (IC) applies to adiabatic films or approximates low heat flux
condensing, since the differential du 2 was set equal to zero when differentiating
the expression,
L=O(C'' -I--u 2 )	 (II)
which gives the wave velocity relative to a point fixed in space.
Cl?' is the wave propagation velocity with respect to the undisturbed fluid.
Equation (10) is presented in adiabatic form because it is readily supported
by the abundance of available data wherein the liquid interface velocity is
relatively constant.
Equation (10) is applicable equally to boundary layers and films. The
growth rate parameter, ccC1, for either the Tollmien--Schlichting or the
Kelvin-Helmholtz instability is interchangeable since it is convenient to
consider each type ofinstabilityseparately rather than using agrowth rate which
considers their combined effect. This is an approximation for convenience;
however, the instability type giving the maximum growth rate should be
substituted since that one dominates the interface transition. This procedure
is consistent with our original assumption that all wave-length disturbances
are present but only that one with the maximum growth rate need be
considered.
The difficulty in applying equation (10) is the disagreement in the value
of ccC1 as determined by various theoreticians. In addition, little experi-
mental determination of ocC1 is available. In Fig. 4 the Kelvin-Helmholtz
growth rates versus the wave length spectrum for various Weber numbers
is plotted per York et al. (Ref. 10). Figure 5 compares the maximum values
of growth rate with those reported by Squire (Ref. 9). The differences in
value are quite large. For the Tollmien-Schlichting instability, Ostrach and
Koestel (Ref. 4), and Feldman (Ref. 7) express the maximum growth in
an equation of the form:
(C1cc) = ccFmaxRf (l 	R,/J?1)	 -	 ( 12)
with cc = 06 for values of PD/I°f < 10- 1 and /Af//AV < 10. Fmax, being a function
of pjp, and itf/ttt, is theoretically equal to approximately 4 x I0 for room
temperature air-water flow systems, which admittedly is in disagreement with
experimental observation. Miles (Ref. 8) gives growth rates which are closer
to reality and are presented in Fig. 6. Chien (Ref. 14) has measured the
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Crest height of the interfacial waves and the mean film thickness for an adia-
batic air-water system. Figure 7 indicates the results of these measurements.
A decrease in mean film thickness at the high liquid rates is a result of liquid
entrainment. For the lower flow rates the mean film thickness remains
constant but the crests of the waves grow with distance from the injection
slot. Growth rate values can be estimated from relationships plotted in
Fig. 7 if equation (10) is expressed as:
dB 	 ccCi	 (13)
From Ref. (4) values for a
	
06 and	 01 are selected and by measuring
Sp1 U
p1
3OxIO
2OxIO
O, IO
Fig. 6. Maximum growth rate factor as a function qffilm Reynolds number
according to Miles (Ref 8).
the slopes (dB/dL) of the two curves having extremes in liquid flow rate
one obtains:
= 145 x 10-3, ( 2541 lb/sec-ft, R, = 7510 estimated)
C1 = 0 . 586 x 10, (0193 lb/sec-ft, R1 =570 estimated)
These values lie between those predicted by Feldman (Ref. 7) and Miles
(Ref. 8).
In applying equation (10) for the prediction of flow transition resulting
from film instability, the initial wave amplitude at neutral stability and the
final wave amplitude at transition is required since by integration one
obtains:
(14)
Ostraeh-Koestel (Ref. 4) shows that measurements indicate that the value
of B, the amplitude at break-up, approaches that of the mean film thickness.
Weber (Ref. 11) states that the quantity In B/B3 equals 12 for the break-up
of liquid sheets and jets which are ejected from nozzles. Eisenklam el al.
(Ref. 15) states that this quantity is a constant value in liquid atomization
studies. For a value In B/B0 = 12, the initial wave amplitude must be
small, that is 160000 of the amplitude at "breakup".*
* Entrainment of liquid particles in gas.
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If one combines equations (10) and (12), assuming that the term Rf /Rf <I
and integrates; one obtains for the Tollmien-Schlichting instability,
LtPfU2E	 (15)
It,
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Fig. 7. Film thickness and wave growth (Ref. 14).
where E contains the terms that are expected to be constants, namely:
(C1 + 1)lnBj130	 16
o:Fmax
Eight sources of transitional data are correlated by Ostrach and Koestel
(Ref. 4) by means of equation (15) giving a value of 1? = 16 >< 106. A
study of equation (15) indicates that the tube length used in observing flow
regime in the experimental set-up is of prime importance. A similar relation-
ship as defined by equation (15), namely:
Lepgua = 26 x I0	 (17)
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is given in Ref. 6 for boundary layers on flat plates with low turbulence
levels in the fl-cc stream and with a value for ./? of the same magnitude.
According to Schlichting (Ref. 6) the value of the transitional Reynolds
number decreases as the free stream turbulence intensity is increased.
This phenomena is attributed to the increase in amplitude of initial wave, B0,
at the neutral stability point resulting from turbulence; this is depicted in
Fig. 3. This decreases the time or length required to build up the amplitude
to its transitional value, B. A designer is thus faced with the problem of
determining those factors affecting the initial wave amplitude, B0, and those
determining the growth rate. As it now stands the factors affecting the growth
rate and the effect of sources of disturbance on transition are lumped into
one experimental constant, E. The reader is by now aware that the tech-
nology of boundary layer transition in single-phase flow parallels very
closely film transition in two-phase flow. The various factors affecting
boundary layer transition have been extensively investigated and this
particular technology may be examined for insight about the various
mechanisms involved in transition. This is reported in the section entitled:
Flow Regime Prediction in Single-Phase Flow as Related to Two-Phase
Flow.
In order for the results of equation (15) to be of use, the interfacial liquid
velocity, it2 , must be replaced by the vapor velocity which is a quantity
known by the designer. A momentum balance on the liquid film is required
in order to determine this relationship. A relatively simple expression for
this balance can be obtained if both phases are considered to be frictionless
and irrotational. Then, according to classical fluid mechanics, the total
head is a constant not only along the direction of a stream line but also
from stream line to stream line. This requirement should apply to the
adjacent vapor and liquid stream lines at the interface. Since the static
pressure is constant in radial directions for pipe flow, neglecting the influence
of gravity, then both fluids experience the same pressure. This requires
that the velocity for each fluid be equal. Thus:
	
Pt 22 	 Pt?tv2
(18)
	
Uv	 \Pt/
applies at the interface. In terms of the mean fluid velocities, one might
assume the interface vapor and the mean velocity to be roughly equal, and
for thin films 2Ut	 it2 then:
	
Uf	 (19)
	
U,	 2 p,j
Levy (Ref. 16) gives after a comprehensive analysis:
t-j!LI (20)
	
U,	 2pf
—
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for adiabatic annular flow for which the void vapor fraction approaches one.
Combining equations (10), (12) and (20), letting 2itf = u2, the following is
obtained:
dB	 ccFmax	 (I - Rf JRf) dL
= (Cl? + 1) t'f
dB
-2 ()t (1 - R,/R,) dL
B(CR +l) p,	 2p,
By rearranging and integrating to the point of transition, the above becomes:
BtIn 	= ocFrnax (DPv11v" 21 (2p,')* (1 - R,/R,)B0
	CR + l
 \ fL 1t121\PvI
The film Reynolds number can be replaced by one based on the tube
diameter as follows:
&'Pf	 m,2
Rf =pf=
based on continuity.
Also:
rn,.D
,rD2
therefore:
R1'
Rf T
Selecting Rf = 203 (R,' = 406) from Fig. 6 and substituting equation (16)
to obtain E, then:
(Dpvuv) 
lAy (2Pf) /	 406\ L
__ --
/Ay	 ilAf Pv	
(21)
Equation (21) is compared in Fig. 8 with data from an adiabatic air-water
test presented in Fig. 9. Equation (21) is plotted versus the gas Reynolds
number in the belief that the quantity, in B1B0 (contained in E), is a function
of the turbulence level in the pipe which in turn is a function of the gas
Reynolds number. The fact that the test data group is along an ordinate
value near one indicates that the solution of equation (12) reasonably
predicts transition; however, the trend from the use of gas Reynolds
number emphasizes that modifications to the equations are required. The
point of transition in Fig. 9 selected for correlation is the maximum of the
curves. This point is visualized as corresponding to spray formation one-
half way between the pressure taps which were used in the determination
of the friction factor. Incipient spray formation is assumed to occur at
point (1) Fig. 9 and the entire section between taps is in the spray-annular
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regime at point (3). For correlation purposes L, corresponding to point (2),
the maximum, was taken as equal to the distance from the point of liquid
injection, assumed point of initial wave growth, to the point midway between
the two pressure taps used for determining the friction factor.
Transition differences, as indicated by the curves in Fig. 9, are due to
the length-to-diameter ratio of the experimental set-up. This ratio affects
the time required for waves to grow and spray to form in a given tube length.
Further work is required to isolate the effects of environmental disturbances
(DPvUv'
\ i'v It
Fig. 8. Transition prediction compared with data from Fig. 9 (annular to
7	 \
spray—annular) y Dpn0
-_--__- 
evaluated at (4 in Pig. 9.
external to the film from those factors affecting wave growth. These
environmental disturbances are characterized by wall roughness, injection
device, and intensity of turbulence.
Qualitatively, the various flow regimes in terms of the gas friction factor
as defined in Fig. 9 and the liquid and gas Reynolds number are depicted
in Fig. 10. For annular flow, the friction factor is greater than the "all
gas" friction factor because the gas flow area is reduced by the annular
film. In the spray-annular regime the value of the friction factor primarily
is determined by the increase in effective density of the gas resulting from
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liquid entrainment. The annular film is a contributing factor. The friction
factor in the transition region probably is determined by the roughness of
the amplified interfacial disturbances and incipient liquid entrainment.
The present thinking of the authors is that the disintegration of high-speed
liquid sheets ejected from nozzles appears to be due to the Kelvin-Helmholtz
instability; whereas, liquid films in tubes propagated by high-velocity gas
move at a velocity lower than that of the gas. The resulting lower range of
liquid velocity results in greater growth rates for the Tollmien—Schlichting
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Fig. 10. Variation in fri ction factor in two-phase flow regimes as a
function of gas Reynolds film her.
instability than those for the Kelvin—Helmholtz instability. This can be
noted through comparison of the growth rates of Fig. 5 with those of Fig. 6.
FLOW REGIME PREDICTION IN SINGLE-PHASE FLOW AS
RELATED TO TWO-PHASE FLOW
The similarity between boundary layer stability mechanics for single-
phase flows and those for liquid films leads to an examination of boundary
layer technology for those various factors which separately affect growth rate
and initial wave amplitude. Thus, the transition from annular to spray-
annular flow is analogous to the transition in homogeneous flow from a
laminar boundary layer type flow to a turbulent flow with a laminar sub-
layer. The laminar sublayer is similar in nature to the liquid layer in spray-
annular flow which is discussed in more detail in the section entitled,
Pressure Drop in the Spray-Annular Regime During Condensation.
Figure I  shows the relationship between the measured local Nusselt
number and the distance along the tube for the case of air drawn through a
bell-shaped well-rounded inlet into a tube. The dip in the curves is explained
ROD 01,600
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Fig. 11. Local Nusselt number near tube entrance with simultaneous
development of the flow and temperature field (Ref. 30).
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Fig. 12. Boundary layer and Nusselt number near the entrance region
of a tube.
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by the fact that the boundary layers along the tube walls are first laminar
and then, as instabilities occur, turbulent. The process is shown in Fig. 1.
The instability techniques required to predict the transition in Fig. 12
are similar to those required to predict the transition from annular to spray-
annular flow. In essence, this forms the basis for the development of a
rational approach to two-phase fluid mechanics. This starting point for
predicting transition is the expression relating amplitude growth with
distance along the tube, namely:
dB	 oCdL
= (C1, 4- 1)6' (see equation 10) (22)
which can be applied to films and to boundary layers. Since the boundary
layer Reynolds number based on displacement thickness is a function of the
distance, L, it is the independent variable. The steps for replacing L with
R* follow:
6'	 464	 see Ref. 20)	 (23)
and since:
6' = 36	 see Ref. 21
6* = 155
By differentiating:
2 R* do*dL = (1.55)2
Since:
2176'	 276*
let *	 therefore
Substituting the above in equation (22) results in:
dB- 	 2 R* dô*
 6* (C + 1) (1.55)2
or,
dB	 U* G1.	 2 dR*
= (CI? + I) (1.55)2
A similar procedure is required for the build-up of a condensate film which
includes the condensing heat flux.
The amplification or disturbance growth rate factors for a boundary layer
are obtained from relationship shown in Fig. 13. Since primary interest
is in that wave with the maximum growth rate, the maximum value of C1
corresponding to each wave number o is substituted into equation (25).
(24)
(25)
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From Fig. 13 the following approximate empirical relations for maximum
growth rate are obtained:
= 39 - 0 . 849 x 10-4R*	 (26)
and:
- 256I 19C1 = In	 164	 (27)
.40
C	
C^X 103
 
500	 1000	 500	 2000	 2500	 3000
Fig. 13. Amplification rates of Blasius flow according to S. F. Shen (Ref. 22).
Approximating C1, at a constant value of 042 (Ref. 23), and substituting
Equations (26) and (27) into (25), the following relation results:
dB238 x 106 = (4600 - R*) In (- 
±:) dR* (28)
TI
The growth rates of Fig. 13 are for adiabatic (isothermal) boundary layers
located on flat plates without pressure gradients; therefore, R* in equation
(27) can be designated as R*(T1, A 0) where:
T =	 and T	 1 for adiabatic conditions (T1)
and,
ô'2 du0A =—	 TI?'	 (see Ref.24)	 (29)
For the development of the boundary layer near the entrance of a tube the
pressure gradient in this region is:
iX1'	
—216p9u. (see Ref. 25)	 (30)
Le - 00288 2g3RD
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For potential flow:
dl'	 p,u,,du.
dL
	
	
(31)g, dL
and assuming that:
Al', - (32)dL
Combining equations (29), (30), (31), (32) and (23), results:
A = 338	 (33)
D
This equation is approximate since it contains equation (23) which applies
to boundary layers without pressure gradients. Note that when RD =
A = 0 which satisfies flat plate conditions.
Results of experiments verify that the transitional Reynolds number Rt*
is affected by heat transfer, pressure gradient, roughness, and free stream
turbulence intensity (Ref. 26). Postulating that the factors which affect
the fluid within the boundary layer also affect the growth rate, and those
which are external to the fluid are agents of external disturbances, the
following expressions are written:
C(A, TR*) = 0	 (34)
and
	
(cc", K/ö*) = 0	 (35)
The wave amplitude at transition B is assumed, as for liquid films, to
approach the value of 6,'. If it is assumed that the boundary layer at
neutral stability is approximately equal in thickness to that at the inception
of transition (O'
	
ô 2 ') then:
	
= 0	 (36)
Then converting the quantity R*( T1 A 0) to the Reynolds number in the
presence of heat transfer and pressure gradient by assuming that these
affects can be accounted for independently of each other, then the following
results
R*(A0, T1) R*(A0, T1)R*(T1 , A0) = R*(T, A) R*(A
, T1) 1?*(A0, T)
and with the empirical relations:
R*(AO, T1) -
e 0168"	 ( 37)R*(A ,
 T1) -
(for decreasing pressure (see Ref. 27))
	
R*(A0, T1) 
=	 (see Ref. 28)	 (38)R*(A0 , T)
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These equations were constructed by means of Figs. 17.2 and 17.26 of
Ref. 6. Substituting equations (37), (38) into (28) yields:
dB238 )< 106	 = (4600 - R*)
R*( 
164
T
 A)	 64In [
	
e-°°53471 - T'•")	 dR	 (38a)
substituting equation (33) for A and selecting a value of T = 0794, we
obtain the integral of equation (38a) in the convenient form:
In B = 0963 x 10-6 J 
(4600 - R*)
B0	 Ro*
log (0.0156R* e 0S 3) - 1-56) dR* (39)
In B0
6 -
	 Tt0794
o	 - --- T I (No HEAT TRANSFER) 	
R02OOOO
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Fig. 14. Wave amplitude ratio vs transitional Reynolds number for
heat flow from tube togas.
The upper limit is the Reynolds number at the point of transition; the
lower limit is the Reynolds number at neutral stability:
= 420	 (see Ref. 29)
By numerical integration of equation (39), the curves in Fig. 14 are obtained.
A curve for the adiabatic case of T = I compared with the curve for
T = 0 . 794 (RD = ) shows the destabilizing effect of heating on transition.
The stabilizing effect of a decreasing pressure gradient, decreasing B,,,
is also indicated in Fig. 14. The user is cautioned that the two-dimensional
boundary layer equations used in constructing the curves in Fig. 14 impose
limitations in their application, for predicting transition in tubes wherein
the boundary layers are three-dimensional. When boundary layers begin
to fill their tubes due to a delayed transition, the curves of Fig. 14 are then
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inaccurate. The method of using these curves to find the transitional Reynolds
number R/ assumes an understanding of the quantity in BIB,. Then by
equation (23) the transition L can be found:
L	 1	 (R*)a
D	 (1.55)2 RD	 (40)
In order to determine the input quantity, in B/B0, the function represented
by equation (36) is evaluated. This is accomplished by using the following
empirical relations developed from curves as presented by Schlichting
(Ref. 6), Fig. 17.36, Fig. 16.16:
RLt(K/ô*,	
-	 (41
1I1,,(KO/ö*, a0")
which gives the effect of a single roughness element on the transitional
Reynolds number at a known distance from the leading edge of a flat plate.
Considering the effect of turbulence intensity:
5525 X 10-6
Ri( cc ", Kolb*) = 0385 )< I0'-° + e057G/'lO -	
(42)
which gives the effect of free stream turbulence intensity on the transitional
Reynolds number. Combining equations (41) and (42), and replacing
RL, with R1* by means Of equation (23) results in:
e 3 ' 2UC 1i '	 0161 x I	 1 +
	
1Rt*2Ao, T1, KIP, a")	 (43)
\	 c""10'	 I
Since it has been assumed that roughness and turbulence affect only the
initial wave amplitude and not the growth rate, the curve in Fig. 14 repre-
senting a fiat plate with adiabatic conditions (A 0 or RD = , '1) can be
used to determine the value of In B/B Q for each R computed by means of
equation (43). The results are shown in Fig. IS. This curve can be used to
evaluate In B1I3 0 as determined by disturbances, thus establishing Rt*
from Fig. 14 and the value of transition length from equation (40). As an
example of the use of these curves the transition distances as indicated
by the curves of Fig. 11 (minimum point) are compared with a curve deter-
mined by means of information contained in Fig. 14, Fig. IS, and Fig. 16.
The turbulence intensity was estimated as a" = 65 x 10-3 by means of
Ref. 31 by Barbin el al., which gives turbulent measurements in the entrance
of a tube with a well-rounded smooth inlet into which room air is drawn.
These conditions are the same as those for Fig. 11. Parametric values
selected are given in Fig. 16. The agreement between a plot of test data
with the curve is reasonable, since the growth rates developed from small
disturbance theory were integrated to "break-up" conditions.
When turbulence levels are high or the size of the roughness element is
large, then the initial wave amplitude approaches the transitional wave
amplitude resulting in:
R0* = 420
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The curve for this limiting case is shown in Fig. 16. For liquid jets with no
apparent source of disturbances Weber (Ref. 11) gives in B1B 0 = 12.
This initial wave amplitude resulting from natural background disturbances
is extremely small, namely 160 1000 of the magnitude of the "break-up"
amplitude.
Figure 15 gives a comparable value of In B1B 0 = 475 for no apparent
source of disturbances (K/ô* = 0, a" = 0) which result in an initial wave
Fig. 15. Wave amplitude ratio as a function of turbulence intensity
and roughness of a single element.
amplitude with a size 1/115 of the "break-up" amplitude. Deissler (Ref. 32)
states that at low Reynolds numbers it is usually necessary that a small
disturbance be present at the tube entrance in order to "trip"* (Ref. 4)
the boundary layer. Experimental data for heat transfer in tubes with smooth
entrance indicate that at high Reynolds numbers (RD > 50,000) the flow
is turbulent near the entrance even without artificial disturbances. This sup-
ports the curves in Fig. 14. For no apparent disturbances (In B1B0 = 475)
it is possible to obtain transition for RD > 20,000, but for RD < 10,000 no
intersection with the transition curves is obtained unless in B/BO is less than
475, which value indicates that disturbances are to be generated. Deissler
* To produce a turbulent boundary layer.
75
ALFRED KOE5TEL AND CAMERON M. SMITH
(Ref. 32) also states that when a turbulence screen was placed ahead of the
tube entrance, the inlet flow appeared turbulent at all Reynolds numbers
used in test. If condenser tubes are attached to a vapor manifold, the effect
of turbulence levels in the manifold on the flow regime transition in the
condenser tube is of practical interest to the designer. The technology
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Fig. 16. Comparison of computed transition length with data of Fig. 11.
of predicting two-phase flow transitions and regimes in either boiler or
condenser tubes should be developed both experimentally and analytically
along the same rational lines as prevail for boundary layers for single phase
flow. A generalization of Fig. 14 and Fig. 15 involving property ratios
pt/Pt, yfly, should be the objective.
PRESSURE DROP IN THE SPRAY-ANNULAR REGIME DURING
CONDENSATION
A film of flowing liquid is deposited through condensation at the tube
inlet for a wetting fluid, or as a layer of droplets if the fluid is non-wetting
on the wall of the container. The interface of this film may be ruffled by
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environmental disturbances such as wall roughness or turbulence. Under
certain conditions these disturbances are amplified and transition to a spray-
annular regime results similar to the laminar-to-turbulent transition in a
single-phase flow as previously noted. If the inlet vapor velocity is high and
the condensation rate large, an early transition will occur and most of the
fluid in the tube will be in the spray-annular regime. The static pressure
gradient within the tube results in part from frictional effects and in part
from resulting momentum changes within the fluid. (See Appendix I.)
The liquid that is entrained by the flowing vapor takes the form of small
drops which are rapidly accelerated to a value of velocity which approxi-
mates that of the local vapor. In addition, these drops are visualized as
responding to turbulent fluctuations in the vapor phase and are so dispersed
that the effects of concentration gradients are negligible. Actually, the drops
travel with and as a part of the vapor stream; thus, the two-phase mixture
is assumed to behave similarly to a single-phase fluid. This permits a single
expression for momentum to be applied to both phases in the mixture.
Likewise, the liquid-vapor fog flows through an annular passage of liquid
adhering to the wall which is in the form of drops in the case of a non-
wetting condition and a thin liquid film for a wetting condition. This flow
description forms the basis for correlation of both wetting and non-wetting
forced-convection condensation of mercury vapor in tubes, and is reported
in Ref. 33. A relatively simple derivation is given below.
Assuming that the frictional component of the static pressure drop may
be written as a single equation for both phases then,
/dP	 f,m)2
	
T1	 (44)dL	 =
2g(D2)2
gDp,,4
where f,,, is the friction factor for the fog mixture and Dm is the diameter
of the mixture flow passage formed by the liquid on the wall.
The frictional pressure drop which results, if the vapor portion of the fog
were to flow through the bare pipe, is:
	
/dP\ - fv(XEmm)2	 45firD2\2
2gSDpD
X is the entrained quality.
The Lockhart-Martinelli modulus D2 defined as the ratio of the two
pressure gradients is:
(J) 2- (dP/dL)Tpp _-L 2_ & (R-V	 46
- (dP/dL) - J XE2 pm kDWJ
The friction factor for turbulent flow in smooth passages is given by:
0316
fm
	
	
(47)4m. 
(DJ
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Note: The liquid interface is assumed to be hydraulically smooth, and:
ID
 (
4Xsm\k	 (48)
irD)
The viscosities g,, and p, are properties which define transport and are more
responsive to the volume fraction of the two phases than to the weight
fraction. Since the volume fraction of the liquid is much less than one, it
is assumed that:
ttrn = itv
Therefore:
JCtn 
(Dm XE) i7 =	 D	
(49)
Again neglecting the liquid volume fraction, the density ratio is expressed
as:
P.	
(50)
Combining equations (46), (49) and (50) gives:
4Th
= D()	 (51)
The diameters are related to the liquid layer thickness:
D2O = D m	(52)
Therefore equation (51) becomes:
\
4) V 2XEI
 = (	 1	 I 4-75	 (53)\ I - 26/D1
Rearranging equation (53) to a more usable form, proper constraints are
introduced. In the past this has constituted the major difficulty to the
application of this relationship, for the reason that no known method exists
by which to predict the manner in which the liquid is distributed between
the two possible modes of flow, that is, entrained and liquid film flow.
For annular flow wherein no liquid is entrained, the necessary constraint
is the total liquid flow rate, a known quantity determined from the heat
transfer and rate of condensation. A momentum balance and the liquid
flow rate are used to determine the film thickness.
In the following analysis the necessary constraint for the spray-annular
regime is introduced in order that X and b in equation (53) may be
determined.
The relationship between the total flowing quality, X, and the entrained
flowing quality, XE, is established as follows:
54
- MD + ME + mF
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and:
XE -_	 (55)
mV-I-mE
Combining results:
-	 (56)I	 m1,
—+-
XE m
Considering the stability of the film as a constraint and by postulating that
a mass interchange is established at the liquid-vapor interface, the net
change in liquid film flow is balanced by the rates for net liquid entrainment,
vapor condensation, and spray deposition. This mass balance is considered
in the momentum balance. The deposition rate is determined by evaluation
of the eddy diffusion mechanism and the condensation rate by heat transfer
thus obtaining the ratio of entrainment related to interfacial wave growth.
The film thickness or film Reynolds number required to establish a given
growth rate now is computed, thereby defining both XE and ô.
The various mass interchange rates per unit of film surface area are
presented without derivations as follows:
1. Vapor condensation rate = q/hf.
2. Spray deposition rate = K1 ( 1 - XE)Cm.
Where KE is the dimensionless mass transfer coefficient and is equaled to
0 • 023/Rm02 through analogy to momentum transfer. The droplet concentra-
tion at the interface is assumed to be equal to zero.
3. Entrainment rate 
= 7 ocCu2 which is equal to:
Pf
The determination of oC1, the wave growth factor, determines film flow
parameters such as the Weber number and Reynolds number. It is specu-
lated that a like approach may be used in defining thickness for the laminar
sublayer formed in homogeneous flow. A rigorous proof for the determination
of mass and momentum balances requires more space and time than neces-
sary; however, limiting conditions are examined to establish the validity
of this approach.
If an air-water adiabatic system wherein the quantity of entrained liquid
is small is considered then the value of oC1 is at or near zero: this approxi-
mates the conditions for neutral stability of the film. Collier a al. (Ref. 34)
has data which supports the latter condition. In Table 1 pertinent data
derived from the two curves in Figs. 17 and 18 is presented. This data is
obtained from an air-water adiabatic system from which the film thickness,
total liquid flow and the entrained water flow were measured. The data
listed in Table 1 was obtained for conditions near incipient liquid entrain-
ment. A linear velocity profile is assumed in computing the interfacial
liquid velocity from the rate of film flow. Note, that over a wide range of
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gas velocities the film Weber number and Reynolds number are relatively
constant; this implies that the film is stable neutrally for the two instabilities
respectively denoted as the Kelvin—Helmholtz (Ref. 4) and the Tollmien-
Schlichting (Ref. 4). Miles (Ref. 8) reports a theoretical value of R1,,
equal to 203 for neutral stability which value agrees in range with those in
Table 1. For the Kelvin—Helmholtz instability, Squire (Ref. 9) reports
a value of W1 ,4 = I and Fig. 19 from Eisenklam ci al. (Ref. 15) presents
stability data obtained from observations of sheets. One-half of the thickness
of the liquid sheets is assumed to be equivalent to the thickness of the formed
film on the tube surface. The velocity of the liquid sheet is assumed equal to
Table 1. Adiabatic Air- Water Data in the Spray-Annular Regime
at a Total Liquid Flow Rate of 75 lbs per hra.
Air	 Film	 Fl/u, flow Gas	 Mean film Gas Reynolds	 u,e5p, u,'ip,flow	 thickness	 rate	 velocity	 velocity	 number	 U,
lb/hr	 inches	 lb/hr	 ft/sec	 ft/sec	 II,'	 ft/sec	 Mr	 9s 
597
532
474
402
325
279
225
158
167
160
160
144
139
130
150
138
3.34
32
32
287
277
260
299
236
44 x 10-'
46 > 10-'
51 > 10--'
57 >c 10'
5 .9 >< 10'
53 x 10-'
71 >< 10'
9•0 v 10'
45	 244
45	 217
50	 193
50	 164
50	 133
50	 114
65	 916
65	 545
151,000
134,000
119,000
101,000
82,100
70,500
56,600
39,800
113	 159
133	 152
126	 168
126	 152
126	 146
126	 138
163 205
363	 I62
From Collier cC al., Ref. 34.
u5. This data defines the Kelvin-Helmholtz neutral stability as Wf a r-.J 2
near one atmosphere.
Collier ci al. (Ref. 34) states that as the total liquid flow rate is increased
to values greater than that required for incipient liquid entrainment, both
the film flow rate and the film thickness continue to increase at a lesser
rate. This implies an increase in film Weber number and Reynolds number
to correspond to values required for the film growth rate (entrainment rate)
to accommodate the increasing rate of spray deposition resulting from the
increase in concentration of entrained liquid. (See Fig. 18.) Now, it
can be stated that the necessary constraint for a liquid film in spray-annular
flow is defined by requirements for stability, and that under certain limiting
conditions (adiabatic and negligible deposition rates) the following relation
exists
Rf =
W,= W1,,	 (57)
and combining:	 -
g,a
	 (58)
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Fig. 18. Liquid entrainment results (Ref 34).
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Fig. 17. Plot of average liquid film thickness at various air rates (Ref. 34), a
blow-up of incipient entrainment, Fig. 18, for slightly different air flow rates.
9
0
'C
z
(I,
z
C)
t3
I-
1
U-
81
ALFRED KOESTEL AND CAMERON M. SMITH
This specifies that the interfacial velocity, it 2 , in spray-annular flow for the
limiting conditions as defined above is a constant. According to data in
Table 1, it2 has values approximately equal to 3 ft/sec.
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Fig. 19. Instability criterion of liquid sheets (Ref 15).
Equation (58) for water at 68°F, becomes:
Win - it2 x 67•6 x lO-
= 421 x 103u2
1? - 499 >< lO >< 322
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Noting that:
Rf =	 =	 (linear velocity profile assumed)
ttt	 lrD[Lf
the value of the film flow rate mb is determined. This value in turn deter-
mines that of X. in equation (56). The film thickness is determined by
either the Weber number or by the interfacial velocity and film flow rate.
Thus, the terms in equation (53) are defined only for those limiting con-
ditions previously stated.
Forced-convection condensing data and their correlations are examined
to substantiate equations (53) and (57). The condensation of mercury
vapor under non-wetting conditions is considered first; this is a special
situation in the application of equation (53). A description of the non-wetting
condensing process is in order.
When a drop of liquid forms and then grows on a tube surface forces are
produced which tend either to make the drop larger or to oppose its move-
ment. These forces are those due to the drag caused by the flowing vapor,
to gravity, and to the interfacial reaction between the drop and the wall
arising from the deformation of the drop by either of the other two causes.
At a particular drop size, designated as the critical drop diameter, 60,
these forces are no longer in balance and the drop is displaced or entrained.
Thus, at incipient movement, the following force balance is applicable.
Drag Force + Gravity Force - Interfacial Force = 0
or:
qrô2	 pu 2	ira3
± nsinO'p, - - - irô0 aE, = 0	 (59)
where C 6 is the drag coefficient for the drop, n is the ratio gig, and E5 is
an experimental constant accounting for the effects of drop deformation,
contact angle, and surface condition. The coefficient of drag is dependent
on the deformation of drop; for simplicity, the coefficient of drag, C may
be assumed equal to one and the value of E0 may be determined with the
drag deformation effect included. In conditions of zero gravity or for flow
in horizontal tubes the critical drop size is related to the vapor velocity in
accordance with equation (59) as follows:
	
6cpvu.v2 
= 4E	 (60)
The results of experiments conducted on mercury drops acted on by flowing
gas in glass tubes and on inclined plates permit the evaluation of E0 ; E0
was found to be equal to 00464. In the case of a gas flowing in a horizontal
glass tube, only the first term of equation (59) is applicable in evaluating E0;
whereas, on inclined plates, only the second term is used. Reference 35
describes these tests in more detail.
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If equation (60) is applied to a tube with a liquid layer on its wall, the
actual mixture velocity in the core should be used, namely:
	
Dpu2 
-4E	 (61)2g,a
and considering the continuity relationships:
1	 =	 Nu'.
where u represents the velocity of the vapor in a bare tube wherein all the
liquid removed. Therefore:
= Un2	 (62)
substituting into equation (60) gives:
Dpv(DIDm) 4U v2 
-2g3 cr	
-	
(63)
Assuming that at a particular location in the tube the critical drop diameter
corresponds to the effective thickness of the drop or liquid layer on the wall,
this relation may be expressed as:
D - 2& =
or:
= 1 - D/D
which combined with equation (63) gives:
Dpu 2 -.	 8E0	 (64)
-. (D/D,,,) 4 -
Equations (64) and (51) indicate that a relationship exists between the
modulus 4) 2 and the vapor flow Weber number such that:
(
PU2) = o
	
(65)
"2x",3, 
 
22g-,La
Assuming values for the ratio DID., the relationship between the Weber
number and (D v2XE may be obtained. This relationship is represented by
the curves in Fig. 20 through 24. In addition, experimental local values
of (P,2X,,, and the Weber number are plotted for confirmation of the fog-
flow theory. For non-wetting condition the wall-adhering drops are assumed
to have no appreciable movement; this results in the following simplification
that equals X = XE in equation (53). The fog-flow condensing data pre-
sented in Fig. 20 through 24 represent only a sample of available data and
the reader is referred to Refs. 33 and 36 for other condensing correlations.
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(Note: both wetting and non-wetting data are presented in Fig. 20 through
24.) A brief description of the tests follows:
An experimental program to measure local pressure drops for mercury
condensation was recently conducted at TRW. The results were used to
corroborate the theoretical fog-flow model. Moreover, data reported in
the literature for local and over-all mercury condensing pressure drops were
used as a further check on this theory.
The test rig consisted of a pot boiler immersed in an electrically heated
salt bath, a pre-heat section for slightly superheating the mercury vapor,
an air-cooled condensing test section, a flow meter and the return line to
the boiler. Pressures within the condenser tubes were measured by mercury
manometers located at taps spaced 14 or 18 inches apart. The features of
the flow regime were observable at any location in the condenser by means
of a combination X-ray and fluoroscopic screen.
The condenser test sections had either tubes with constant diameter or
tapered tubes 8 feet in length. The location for complete condensation was
varied from about mid-length to the total length of tube. Table 2 lists
tube sizes and ranges of variables during tests. The data is grouped under
headings representing respective test series.
Table 2. Range of Variables for Mercury condensing Experiments
Performed at TR Wa
Variable	 Series A
	 Series F	 Series F	 Series IF	 Series C	 Tapered 5,5Cc
condensing Lengtis(inches)
'rube Diameter (incises)
'rube MaterialVapor Inlet Pressure (psia)Vapor Inlet QualityVapor Inlet Velocity(ft/see)Vapor Inlet ReynoldsNumberMass Flow Rate (lb/mm)Heat Rejection Rate ptrUnit Area ,< 10(Btu/hr Its)Outlet QualityRemarks
a From Ref. 33.
94	 53-94	 48-95	 94	 53-94	 48-82
0319	 0319	 0-397	 0319	 0319	 04 ,< 02
31655	 Haynes 25 Haynes 25	 31655	 Haynes 25 Haynes 25
80-302	 12' -304	 114-304	 196-202	 10-6--30-5	 4-9-30-I
1 	 1-0	 1.0	 1 	 1-0	 10
114-278	 82-302	 50-238	 152-200	 74-291	 86-195
477-50,000 833-43,159 706-36,096 700-36,000 808-40,000 1670-39,200
1-09-3-12	 '18-236	 1-12-240	 1-64-2-14	 '05-236	 1-41-2-91
1-26-3-59	 136-3-47	 1-04-3-22	 189-2-46	 1-21-2-80	 2-00-4-14
0-0	 0-0	 - 0-0	 0-0	 0-0	 0-0Nunwctting Nonwetting Nonwetti,sg 	 Wetting	 Wetting •Nonwetting
Figures 20 and 21 present the comparison of the fog-flow theory with the
experimental data obtained from Series A and F respectively. From observa-
tion of the interface, it was determined that the mercury was in the non-
wetting condition for these tests. These figures indicate that for Weber
numbers greater than 10, the experimental values of (D, 1X1 appear equal
to one and are independent of the Weber number. At lower Weber numbers,
(D 5 2X1 becomes greater than one and dependent on the Weber number.
Although scatter is present, the trend denoted from plot of this data is
predicted by the fog-flow theory.
The results of Series W and G are shown in Figs. 22 and 23. Series W
experiments were conducted with the stainless steel tube used in Series A
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Fig. 20. Comparison of TRW series A data with fog-flow prediction (Ref. 33).
Fig. 21. Comparison of TRW series F data with fog-flow prediction (Ref. 33).
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Fig. 23. Comparison of TRW series G data with fog-/low prediction (Ref. 33).
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but the tubes were eventually wetted by the mercury. Series G were tests
conducted with magnesium and titanium added to the mercury for the
purpose of creating wetting. The wetting condition for both these series
was characterized by a greatly elongated subcooler interface; whereas, the
nonwetting interface was more or less vertical and rounded. (See Ref. 33).
Frictional pressure drops associated with condensing mercury were also
obtained in a series of experiments conducted by the Electro-Optical
Systems (EOS) Inc., EQS (Ref. 37). Briefly, these tests consisted of con-
densing mercury inside air-cooled glass and metal tubes relatively small in
diameter and short in length. Complete and partial condensation within
these tubes were explored. The range of variables of the EQS experiments
is reported in Table 3.
Table 3. Range of Variables for Mercury Condensing Experiments
Performed at EQS from Reft. 37 and (33)
Vail able
	
Section 1	 Section 2	 Section 3
Tube Length (inches)
Tube Diameter (inches)
Tube Material
Vapor Inlet Temperature (°F)
Vapor Inlet Quality
Vapor Inlet Velocity (ft/see)
Vapor Inlet Reynolds number
Mass Flow Rate (lb/mm)
Heat Rejection Rate per
Unit Area x l0-- 4 (Btu/hr ft')
Outlet Quality
200
0072
Pyrex
718-740
011-051
40-280
2300-16,200
0258-0450
740-110
in
200
0.150
Pyrex
712-722
018-055
18-91
2000-10,200
0305-0482
I 30-380
[III]
1625
0157
316 SS
675-685
057-10
18-195
1700-18,400
0076-0472
017-280
005-1•0
Figure 24 presents the results by LOS plotted against the relationship
predicted by fog-flow theory. Again corroboration of predicted trends is
evidenced by these data. Data corresponding to a wide range of variables
were used for this substantiation. Further data including results obtained
at zero gravity conditions are contained in Refs. 33 and 36.
The condenser data for both nonwetting and wetting conditions compare
reasonably well with a theoretical curve computed from one value of
experimental constant, This value was determined by placing a single
mercury drop of known size on a tilted flat plate or in a glass tube with gas
flowing and noting those conditions required to move the drop. Equation
(59) was used to compute the value of E0. A question arises, why does the
wetting data also agree with the theoretical curve computed from E?
To answer, the postulation is proposed that the drops formed by the "tearing
away" of the wave tops of the condensate film are similar in size to that of
an entrained nonwetting mercury drop, and at the inception of entrainment
the drops are near the liquid film interface and moving at the velocity of
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the film which is less than that of the vapor. Therefore, the wetting liquid
flow pattern is hydraulically similar to that for non-wetting liquid.
If film stability is introduced as a necessary constraint to a condensate
film in the spray-annular regime, some extremely interesting results are
obtained. Figures 25 and 26 show measurements of vapor and liquid film
velocities for steam condensing at very high velocities. The significant
character of these curves is that of vapor; the mean liquid velocity remains
relatively constant at a value near 15 feet per second over a wide range in
vapor velocity. This agrees remarkably with the mean liquid film velocities
for air-water adiabatic systems presented in Table 1. The results of equation
0.1	 1,0	 10	 100
Dp u,2
2g5.
Fig. 24. Comparison of EOS data with fog flow prediction (Ref. 37).
(58) predict a similar trend in values of the velocities of the same magnitude,
if the value of film Weber number and Reynolds number of Table 1
are substituted and the mean film velocity is assumed equal to one-half
the value for the interface velocity. For a liquid film to exist in spray-
annular flow and for it to have a relatively constant velocity in the presence
of a vapor with a wide range of velocities, suggests that the film assumes an
equilibrium condition which is stable in accordance with both Tollmien-
Schlichting and Kelvin-Helmholtz criteria for instability. In spite of the
interfacial growth rates requisite for balance between the spray deposition
and condensing rates, the film conditions probably are close to neutral
stability. This is the condition of stability that must be satisfied. (See
equation (57).)
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This is not surprising; similar conditions exist in single-phase turbulent
flow. In the latter case the laminar sub-layer or the laminar sub-layer
plus the buffer-layer have unique values of Reynolds number based on the
layer thickness and the velocity at the layer interface for all stream velocities.
The universal-velocity profile gives the following values for the shear-stress
800
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3
0
2
0'	 I	 I	 I	 I	 I0	 I	 2	 3	 4
TEST SECTION LENGTH FT
Fig. 25. Liquid and vapor velocities vs test section length (Ref. 43).
velocity and the shear-stress thickness at the interface between the buffer
layer and the turbulent core:
= 1405
= 305
Since the product, u+y = Uy/V0, is analogous to the film thickness and
interface velocity used in defining the film Weber number or Reynolds
number, one obtains for the buffer-layer Reynolds number a value of:
UY 
= 1405 x 30 . 5 = 428
V0
This value is applicable for all values of main-stream velocities.
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Since a vapor-liquid interface has interfacial energy or surface tension
and a single-phase boundary layer does not, the additional constraint
imposed by a unique value of the Weber number for stability completely
defines the film thickness, interface velocity, and wall shear. The variation
in film thickness noted in Table 1 is not too large considering the range in
gas velocity. This surprising situation allows the Lockhart-Martinelli
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Fig. 26. Measurements of vapor velocity and liquid vs test section length for
saturated steam vapor condensing in a 0.55 inch i.d. tube (Ref. 43).
modulus to be defined in terms of the neutral stability flow parameters as
follows.
- 
u2p,ô
U22p1e5
= —
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Combining these yields a wall shear corresponding to neutral stability:
US W,2p,g2
	
•Tj)fl	 R13u12	 (66)
Also:
dL
	
dPTP (friction) = 4itVfl 173•	 (67)
and:	
dL	 dL2	 (68)
	
dPV (friction) = 4r	 D
combining:
d2
	
dPTPF -
	 (69)
dP -
or
4) 1)2	 4	 c2W12p1g.	 (70)_
	
ft	 ) 
R1,31t12
For purposes of correlation, dimensionless groups are constructed and for the
condition of a turbulent vapor flow it can be shown that:
4 (Dvuv1
(J)2	 itt ,'	 W1 2 (Darc) (71)
0 . 316 (Du2' 
7ii
\ 2g. a ,
Therefore, by plotting 4j2 versus 2u 2 ) (D Ptu V) on log-log coordinates,g3a	 pt,,
a straight line with a negative slope of 45 degrees is obtained, providing
that a full-established spray-annular condensing regime is formed with a
neutrally stable film. Figure 27 is presented with wetting mercury condensa-
tion data for its verification. The dotted portion of the curve is near the
condenser inlet where the film is growing and instabilities are forming for
eventual film atomization. In this region r r-.J T, '-.' r1 and the value of
is near one. (See equation (69).) The solid portion of the curve cor-
responds to a plot of equation (71) with appropriate properties of mercury
substituted and with a value of R1, = 633 and lV = 1. A theoretical
Weber number of one was selected based on Squires' work (Ref. 9) and
R, = 633 was selected to fit the data. This value of Reynolds number is
greater than the theoretical value of 203 according to Miles (Ref. 8).
However, examining Fig. 28 which presents a correlation of condensing
heat transfer coefficients with the liquid Reynolds number obtained during
forced convection condensation of various fluids by Colburn (Ref. 38),
it is noted that a transition from the Laminar-film theory occurs at a value
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Fig. 27. Mercury wetting condensation data compared with curve computed
from neutral stability consideration see eq. (71).
Fig. 28. Data of Carpenter for condensation in the presence of high vapor
velocities (Ref. 38).
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for Rf 633 as indicated on the curve. The majority of data points are
therefore assumed to be in the spray-annular regime where the condensing
coefficient attains a constant value as determined by the equilibrium film
thickness, thus:
h0=JC,/O
Also, condensing heat transfer coefficients obtained in negligible vapor
velocity are presented by Colburn (Ref. 38). The data follow the laminar
curve and then the turbulent film curves as is expected when the total liquid
flow is contained in the film, the case for the annular flow regime with a
stable liquid film.
In accordance to relation of equation (67) a constant two-phase frictional
pressure gradient exists in the spray-annular regime. (See solid portion of
curve in Fig. 27.) Since static pressures were measured during the mercury
wetting condensation tests, momentum changes in the flowing mixture had
to be computed to obtain the frictional two-phase pressure drop. (See
Appendix 1.) Because most of the liquid in the spray-annular regime is in
suspension it was assumed that the liquid and vapor velocities were identical
when computing the momentum pressure gradients. The latter were found
to be in the same order as those of the static pressure. Then it was observed
that the two-phase frictional pressure gradient is relatively constant. The
theoretical curve for laminar flow is shown in Fig. 27 (J' = 64/Rn', in
equation (70)) for 14' equal to 1500 which roughly corresponds to the vapor
Reynolds number in the last static pressure measuring increment of the
condensing test section. The data points taken in this increment are shown
as solid points in Fig. 27 and are to be compared with the curve for laminar
flow.
The Series G wetting data were correlated on the basis of two mathematical
models namely: (1) spray-annular flow with wall-adhering drops (see
Fig. 23) and (2) spray-annular flow with a neutrally stable film (see Fig. 27).
Both models give reasonable results; however, further work is required to
resolve this anomaly and thus increase understanding.
The criterion of neutral-film stability is a first approximation to the actual
film conditions in the spray-annular regime wherein some interfacial
instabilities exist to establish amass interchange balance. Further work based
on the stability approach is recommended. This work requires that careful
measurements of such basic quantities as growth rates and the effect of dis-
turbances external to the film on the wave amplitudes be made. Through
this means the technology of two-phase flow can be rationalized in a like
manner as developing the understanding of single-phase fluid mechanics.
PROBLEM AREAS IN CONDENSING FLUID MECHANICS
There are certain aspects of condensing fluid mechanics which were not
covered previously in this paper and are of concern to a designer of radiator-
condensers. It is the intent of this section to briefly review these areas and
to note references for further investigation when necessary.
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A number of hydrodynamic problems peculiar to low-gravity environ-
ments or to one in which gravity may act in any direction exist. This
multi-directional action of gravity was a design requirement for the
condenser-radiator of the Sunflower power plant (solar Rankine power system
developed and tested by TRW under contract with NASA). Reynolds
(Ref. 39) gives an excellent treatment of the basic fundamentals required
for proficiency in this area.
In every condenser the flow region near the sub-cooler-condenser demarca-
tion zone is that most sensitive to body forces, since the vapor velocity and
interfacial shear stresses approach zero. Determination of criteria for
obtaining a stable liquid-vapor interface in this region is of utmost importance
if the condensate pump is to be assured an all-liquid inlet condition and the
required net positive suction head. The Rayleigh-Taylor instability concerns
itself with the instabilities of an interface subjected to gravity and surface
tension in the absence of interfacial shear. The concept of critical diameter
stems from studies in this direction. The selection of the proper diameter
will tend to stabilize the interface against the action of gravity and environ-
mental disturbances. Reference 35 gives curves showing the effect of large-
scale disturbances as caused by vibration of the tube wall on the stability
of mercury and water interfaces contained in tubes of various diameters.
The dependence of interfacial contact angle on critical diameter is illustrated.
When gravity acts in the opposite direction of the interfacial shear as in
the case for condensing against gravity, slugging at relatively low-frequency
and large-pressure pulses can occur which may cause a malfunction of the
power plant. This form of instability usually occurs near the termination
of the condensing process when the magnitude of the vapor velocities become
sufficiently low. Reference 35 covers the analysis of this instability and
gives experimental verification which locates the point along the condenser
tube at which this form of instability will occur. Water, potassium, ribidium,
and sodium were the fluids tested under actual condensing conditions.
The theory is based on the momentum equation applied to a vertical flowing
condensate film for which equilibrium becomes:
Ti7w-ôPffl
where:
it = g/g,
and Ti consists of both frictional shear and shear induced by the momentum
transfer to the film by condensing vapor. The condition for instability is
given as:
dr
do
for which a wave-like disturbance will continue to grow until there is
'bridging"* of the vapor core. A small wave-like disturbance is assumed,
thus allowing one to assume the interfacial shear to be a constant.
* bridging—denotes coalescence of crest of opposing waves.
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The effect of vibrating tube walls on the stability of the annular two-phase
flow regime is presented in Ref. 35. Data for defining the limits of stability
are presented. This form of disturbance was not considered in previous
sections of this report where only wall roughness and turbulence were
considered as sources of interfacial disturbances. A thermo-dynamic
instability is considered (minimum-free-energy principle) which becomes
important when the condensate film in annular flow is thick and an excursion
to a "bubble" type flow occurs.
Reference 36 gives a correlation by which visual sensitivity to gravity
of the condensing process can be predicted. This correlation is based on the
X-ray observation of globules of liquid of mercury flowing along the bottom
surface of a horizontal steel condenser tube. The correlation is based on
the function:
L" /Dpu02\
2g,c ) = o
where L" defines the distance along the horizontal tube of length L at which
globules of liquid fall to the bottom surface as a result of gravity.
The stable operation of a multiple-tube condenser can become a difficult
task if the body force of gravity opposes the direction of flow. The develop-
ment of the Sunflower condenser-radiator demonstrated severe flow in-
stabilities which required special design features to assure its stable operation.
This design represented a deviation from the one defined by criteria for
minimum weight. Vild and Sill (Ref. 40) describe this problem area and
gives the following criteria for multiple tube stability:
d(AP8)
>dG0 
which results in:
+ (72)3 pu02
n = g/g,
if 4 2 and f'* are considered constants. The static pressure drop involves
friction, momentum, and the liquid-leg hydrostatic head. When the flow
is opposed to direction of gravity the sign is positive and the requirements for
multiple-tube stability are difficult to satisfy through the maintenance of a
reasonable pressure drop. As a result, multiple liquid-legs were not main-
tained in the parallel tube array. A single liquid-leg was held in a tube
which was attached to the discharge manifold of the multiple tubes. The
required flow quality discharging from the multiple tubes and condensing
in the single tube was carefully evaluated, based on the inherent flow and
heat transfer unbalances in both the manifold and in the multiple tubes.
* f' is an integrated mean friction factor for the case in which the inlet vapor velocityis linearly reduced to zero. Reference 42 gives the derivation of this quantity together with
a curve for its evaluation as a function of the inlet Reynolds number.
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If this limiting quality were reduced by decreasing the heat rejection in the
single tube, multiple-tube instabilities would return.
Reference (41) gives a similar criteria for multiple-tube stability in zero
gravity in which the quantities (b 2 andf are made functions of G,. This
results in
2f' L	 25
which can be contrasted to the quantity 4/3 in equation (72).
In summary, the following conclusions are restated:
I. The current state of the art is developed to a degree wherein design
standards are required so that a common base may be used to assess each
change in design to accommodate new data.
2. The data from the technologies for meteoric protection, condensing
fluid mechanics, and fin radiation are sufficiently reliable so that sound
procedures can be formulated for the optimization of design.
3. The data on the occurrence of meteoroids and the subsequent require-
ments for protection to structure from damage are monitored by NASA.
The criteria established by NASA are recommended for use as standards
for meteoric protection.
4. The relationships in condensing fluid mechanics or two-phase flow
may be determined through classical methods similar to those developed in
the study of single-phase flow. However, the key constraint that is introduced
is that for interfacial stability. The latter holds for prediction of flow regime
and for determining liquid distribution in the spray-annular regime.
5. The pressure drop correlation presented is limited to mercury applica-
tions. Like correlations for condensing pressure drops should be determined
for other fluids; at present these for mercury are merely a guide for designs
utilizing other fluids.
6. Basic measurements to establish stability are required for good design
utilizing two-phase flow data. These stability measurements are for growth
rates, length of waves, and effects of disturbances on the amplitude of waves,
or, in general, any measurement which defines limits for stability or limits
for instability of any specific flow regime.
7. Even though optimum design is currently feasible, higher degree
of optimism requires continuous re-evaluation of data for its upgrading in
order to meet increasingly, stringent requirements for higher efficiencies,
greater economy, minimum weight, and higher reliability for longer economic
life.
The design procedure outlined in Fig. 1 is recommended as a basis for the
initiation of standard procedures for design of radiators. This procedure
emphasizes the minimum weight criteria but the resulting design is adjusted
easily to accommodate reliability and economic criteria, the differences in
criteria defining the weight penalty.
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CONDENSER STATIC PRESSURE DROP
It is convenient to write the momentum equation for the vapor only with the
liquid phase external to the control volume. Let F in Fig. 1-A represent
the total frictional force acting on the vapor phase within the control
volume, A 0 dL. F equals the sum of wall shear and the drag exerted by
the liquid phase on the vapor phase.
P+dP
1 M, <F	 rn?-cImV	 a
L
Fig. .1-A. Control volume for momentum.
g,(PA 0 -- (P -- dP)A O - F) = (in,, + dm,) (u, ± du,,) - m,,u,, (1-A)
External Forces = change in momentum of vapor phase. (Liquid phase is
external to control volume.)
G2
—dP --F/A 0 = d
- (-)91 Pc
F/A O represents the frictional pressure difference which can be defined by
means of the Lockhart-Martinelli modulus cP,,2:
dL G1
F/A0=4DLD2CP
	
(1),2	 (friction)-
	
V	 dP,, (friction)
therefore,
—dP dL G,,2	 d 
(C12)
= (J),,2J,,
D2p,,gjg,	 ( 2-A)
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Note that,
= xG0
Introducing the heat balance,
/z 1in 0 dx = — q dL
where q is the heat transfer rate per unit length and in terms of the total tube
length,
= qL
combining,
dLdx= --	 (3-A)I,,
Combining equations (2-A) and (3-A) and eliminating the differential
length results in:
	
—dP =
	
L —
G
-02  x d x+ -- d(x2)
integrating:
= L G2 11=0	 dx + -- 11=0
	
p,	 D 2PDES 1=1	 Pvgs 1=1
Changing sign:
rj, 1
	
1	 2= L-J	 D2fxidx_ lI_ 2 	(4-A)D2 1=0Ngs
andL are both functions of quality, namely,
	
D(2ag	 ) = U	 (See correlations, pages 88 to 89)
	
L (-, x) = U	 (Conventional friction factor correlation)
	
\ Mv	 /
In order to evaluate the integral in equation (4-A), let:
=1
fi	 (I),fx2dx
.11=0
Then equation (4-A) becomes:
P1_ P2 =(1)-	 (5-A)
If the liquid were included as part of the fluid in the control volume then
the momentum equation would be:
(—dP —F/A 0)g, = (mmum)
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where the right-hand side of the equation represents the momentum change
for a homogeneous mixture, F represents the dissipative forces. Then pro
ceeding as before:
(—dP -F/A0)g3 
=
Note that,
Pm = Pv/X	 (approximately)
therefore:
—tIP = (I) 2' *	 + —p-- dxVJV D 2gspv	 Pvga
and:
=	 x2 dx -3-	 dxD 2g,p	 Ng"
which when integrating between the limits X == I to X = 0 becomes the
same as equation (4-A).
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ESTIMATE FOR OPTIMUM VALUE OF CONDENSING
TEMPERATURE
The Carnot thermal efficiency approximates the Rankine thermal efficiency
for mercury if the "upper cycle" temperature is equal to the boiling tem-
perature. The effect of superheat temperature on efficiency can be neglected.
These approximations are permissible because the value of specific heat for
the liquid and vapor phase of mercury are small in magnitude as compared
to that for latent heat. Therefore, the thermal efficiency becomes:
Til
	 (I-B)
The actual power output must include the turbine efficiency:
=	 (2-B)
Since:
= -
we can write:
U = (CI + QR)naflT
substitute in equation (1-B):
ITH -
T
substitute:
QR = C2A0T04
which is approximate, since the sink temperature is assumed equal to zero.
Combining,
I
U = (CI +C2A 0 T04) (l - 7-) 'ìr	 (8-13)
Differentiating holding VT' CI, C2, and Tif constant,
0 = C2A04T03 dT0 + C2 T04 dA0 - $- dT0 - C2A05 4Q- dT0
- C2 -- dA0
H
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__	 T04	 cIA0
	0 = 4A0 T J 3 	- Sit0 - -3- ('0	 T05/T11) ãT	 (4-B)Tir
The quantity to be optimized is the total system weight:
W = W + W,. + WT_a + Wm + W8_ ± W0_1
let
W8
_ + W ± W1 ,_1 = CS WO_I?; Wa_I? = C4A 0 ; WT _G = constant
differentiating:
dT0dT0+dTC+4dT0	 (5-B)
also let:
1+', = C5Q; = c, fl2'fla
where n is to be estimated from existing reactor designs.
Substituting equation (1-B) results in:
	
1	 T\ 
=c RI
	
W 
1 
I I	 5i—
	
\	 Tj	 \flT
and differentiating:
	
1.(	 )
	(I T0/T11 ) 1 WrdWr+	
'T11
	
dW7	 W7n
	dT C T11(t - TO/TN)	 (6-B)
In a similar manner:
Wb = CG QA =
Substituting equation (I-B) results in:
Wb(I - Ta/TN) = C8
tIT
Differentiating:
	
dW	 114,	 7B
d TC TH (I - TO/TN)
Substituting equations (6-B) and (7-13) into (5-13):
	
dW	 Wb	 ________	 dA0
dTa TH(1 - Ta/TN) + TN ( 1 - Ta/TN)
For minimum weight d W/dT0 = 0 therefore:
dA0	 —Wb	 raW,.
dT0 c3G4 T11 (1 Ta/TN) G3G4 TN ( 1 - T0/Tff)
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Eliminating dA0/d T0 by means of equation (4-13):
rAz2ff	 II	 b
- T051T11)	 C3C4T11(1 -- T0/T11)
wrn
- C3C4 T11 (1 - T01T11)
Note that:
c3c:4 = H'sc, + Wm + WanA0
c2AC=7-4=7j(_l)
no =
which when substituted into equation (8-13) gives:
4T0c/TH +5+ob+noc)
	
T7, (i	
I + T0/Tff
where:
	
= W8_0 Wm
 +	
and 
u., = w_0 + U/rn + W0_
For the limiting case wherein the total radiator weight
(W 0
 + W. + W0_fl)
approaches the total system weight and wherein the turbine efficiency is
equal to one, equation (9-B) results in:
TOI TH = *
which is the familiar * rule for estimating the optimum value for T0 when
= I, a, = 0, and oc, =
(8-B)
(9-B)
A0
A0
B
ii
B0
C01 C,, C21 C3
C,
Cil
radiator condenser heat transfer area
flow area
wave amplitude
time derivative of B
initial wave amplitude
wave amplitude at transition
constants
complex wave velocity C' = C1/ + iC/
real part of propagation velocity
imaginary part of propagation velocity
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C C'Ju2
Cl? EEl
C EEl. C'/U2
Ca coefficient of drag of drop
D tube diameter
D. fog-flow diameter formed by annular liquid film
	
d, 8	 differential operators
	
E	 modulus of elasticity of armor, lb/in 2, see equation in
Fig. I, box 4
F constant defined by equation (16)
	
1?	 constant defined by equation (59)
	
e	 emissivity
	
fq'	 two-phase friction factor computed as if gas alone were
flowing, defined in Fig. 9
L "vapor only" friction factor
	
f,,	 friction factor for fog flow, based on
f friction factor defined in equation (72) and footnote (6)
	
fl, f2	 functions
	
JL (L )	 function in Fig. 2
	
F	 total frictional force
	
Frnax	 growth rate factor, see equation (12)
C0 inlet mass velocity at X =
Cm fog mass velocity
	
C,,	 vapor mass velocity
	
g,	 gravitational constant
g acceleration of gravity
h0 condensing heat transfer coefficient
	
hjf	 latent heat of vaporization
	
Kf 	 liquid conductivity
K height of roughness element, also fin conductivity
K 3 denotes zero roughness
mass transfer coefficient
	
L	 arbitrary distance along tube, see Fig. 1-A
L0 total tube or condensing length
	
L'	 generalized length parameter for fins, see Fig. I,
Box 6
L" distance from tube inlet to where liquid globules appear
on bottom of horizontal condenser tube
	
L 2 	 transition length, annular to spray-annular flow
L	 entrance length for developing laminar velocity profile
6 fin length
M. fog mass flow rate
rnp; entrained liquid flow rate
rn1 liquid mass flow rate
rnF liquid film mass flow rate
rn0 inlet mass flow rate at X =
rn,, vapor mass flow rate
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M number of equations of constraint
NUD Nusselt number based on tube diameter
n = g/g,
	
ii	 empirical exponent
N number of tubes
P pressure; Pc, average condenser pressure
	
P1	 tube static pressure at X = I
P2 tube static pressure at X = 0
	
F(0)	 probability of no penetration by meteor, see Fig. I,
Box 4
/SPTPF, dPTP two-phase differential pressure drop due to friction
dPD "vapor only" differential pressure drop due to friction
	
AP	pressure drop over length 4
	d(AP,)	 differential change in static pressure drop
QA heat added to cycleQ fin heat transfer rate
Qp piping heat transfer rate
Qm Q0 total heat rejection
	
q	 heat transfer rate per unit tube length
RD Reynolds number based on tube diameter in single
phase flow
Rf liquid Reynolds number 
Pf
	
Rf	 as above at neutral stability
	
I?,.'	 liquid Reynolds number ITDyf
	
JI'	 as above at transition
Rg' gas Reynolds number 
-D/A,
as above at transition
R' vapor Reynolds number 
IT
R* boundary layer Reynolds number U-f---
as above at neutral stability
R,n fog mixture Reynolds number 
,D./A.
RL g transition Reynolds number based on distance from
edge of plate
	
4,	 pipe wall thickness (armor) in inches, see Fig. I,
Box 4
	
t	 fin thickness
To condensing temperature
	
T11	 upper cycle temperature (boiling)
	
T	 fluid temperature outside of boundary layer
	
T,	 wall temperature
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equivalent sink temperature defined in Ref. (2)
T TcOJTW
as above for T. =
U2
	 interface velocity of liquid film
UV	 vapor velocity
U
	 inlet vapor velocity at X = 1
fluid velocity outside of boundary layer
U
	 velocity at,
U.,,
	 gas velocity considering tube to be devoid of liquid
ui
	
shear stress velocity u±
It	 velocity of fog
H7 total system weight; W1	
u22(5p1, 
W, at neutral
stability
Wb boiler weight
Wr reactor weight
turbine generator weight
radiator-condenser weight
rn 
manifold weight
H/s-c. subcooler weight
x total flowing quality
entrained quality or quality of fog
Y distance from wall
shear stress distance yl	 it
wave number
2,76
wave number -
wave number
turbulence intensity defined in Fig. 15
zero turbulence intensity
ratio of boiler weight to radiator-condenser
including manifold and sub-cooler
ratio of reactor weight to radiator-condenser
including manifold and sub-cooler
rx1
J	 DL dxx=o
film thickness
boundary layer thickness
boundary layer thickness at transition
displacement thickness of boundary layer
boundary layer thickness at neutral stability
critical drop size at incipient entrainment
ideal cycle thermal efficiency
cc
cc
cc*
cc
cc0
I?
(5
(5,
(5t,
6*
60'
weight
weight
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turbine efficiency
	
0'	 angle of inclination
o time
A pressure gradient modulus (dimensionless) defined by
equation (29)
	
A 0 	denotes zero pressure gradient
	
2	 Lagrangian multipliers, also wave length
	
/Af	 liquid viscosity
	
Pr	 vapor viscosity
Pm viscosity of fog mixture
	
It,
	
gas viscosity
	
v	 Kinematic viscosity of gas
Pr vapor density
	
p,	 liquid density
Pm density of "fog" mixture
	
Pg	 gas density
	
Pt	 density of target material (lb/ft3), see Fig. 1, Box 4
	
or	 surface tension
	
a'	 Stefan-Boltzmann constant
	
T 1g	 wall shear stress
	
'rw	 wall shear stress due to vapor
	
Twn	 wall shear stress due to film in neutral stability
	
i-1	 liquid-vapor interfacial shear
	
T	 time in days, see Fig. 1, Box 4
(D,2 Lockhart-Martinelli modulus, defined by equation (8)
pX-0
dPTpF
2
	
V	
1=1
 - ro
dP
JX= 1
	
)	 functions of constraint
U net power output of cycle
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